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Abstract 
Magnesium ion batteries (MIBs) have received tremendous research attention owing to their low cost, dendrite free electroplating, and high 
theoretical capacities compared with lithium ion batteries (LIBs). Despite these advantages, the launching of MIBs is hindered by sluggish 
kinetics of the magnesium ions inside the host cathodes. Recently, several magnesium–selenium batteries have been developed to achieve the 
fast kinetics of magnesium ions inside the selenium-based cathodes. Herein, we have critically reviewed the five-year advancements made in 
the field of selenium cathode design, selenium loadings, compatible organic and inorganic electrolytes, their resultant reversible capacities, 
working voltages, cycle life, and specific energies. Selected selenium-based cathodes were critically debated in terms of their electrochemical 
performance and challenges. At the end of this review article, several innovative directions are proposed to shed light on future research. 
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The growing energy demands with persistent improvement 
n substantial production of durable materials for energy stor- 
ge have provided a model paradigm to new energy storage 
egime. The energy management system is struggling hard to 
ddress the most crucial global problems related with energy 
emand, climate change, and petroleum economies. The effi- 
ient batteries with various performance profiles are consid- 
red as the backbone of energy systems for delivering power 
o both small and large scale. The performance-based capa- 
ilities of various batteries included thermal stability; appro- 
riate potential range, sufficient energy density, and current 
roduction enabled them to be employed in different appli- 
ation such as modern hybrid cars, busses, drones, and even 
ybrid ships. Furthermore, these are also extended to small ∗ Corresponding authors. 
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nd portable electronic devices. Although there are many is- 
ues need to be addressed regarding the cost, safety, cycle life 
nd other performance factors. Up to now, lithium-ion batter- 
es are considered as developed and commercialized energy 
torage systems in the present market with enormous research 
rogress. Perhaps, few questionable aspects of Li-ion batter- 
es i.e. scarcity of Li-element on earth and its cost, are main 
easons to bring innovation in alternate electrode materials by 
nergy storage researchers to conquer the increasing demands 
f energy through the immense developments in hybrid cars, 
nd all plug-in vehicles and even huge demands of grid stor- 
ge applications from solar energy harvesters [1-3] . 
Magnesium-ion batteries are one of the possible substitutes 
f Li-ion batteries, with huge interest for many scientists in 
ecent years. Many aspects of Mg-ion technology including 
he high natural abundance of magnesium in earth’s crust, 
ith a rough estimation of 100 times greater than lithium, in 
xpensiveness for electrode processing with a high melting 
oint as compared to lithium, and more stable than lithium. 
4] The volumetric capacity of Mg-ion battery is 3833 mA . This is an open access article under the CC BY-NC-ND license 
y of Chongqing University 











































































































 cm −3 , which is higher than the Li-ion battery (2046 mA 
 cm −3 ), and is attributed to the divalent nature of Mg- 
on. The research development in Mg-ion batteries have not 
een so extensively approached compared with Li-ion batter- 
es due to some hurdles, which obstructed the good perfor- 
ance and findings of suitable electrolytes that can facilitate 
he reversible transportation of Mg-ion from the Mg anode. 
5] Unlike Li-ion batteries, where the surface conduction is 
ood due to formation of polar solid electrolyte interface films 
n Li-metal surface; the magnesium metal anode is covered 
ith a film during the charging/discharging processes, which 
asically block the further conduction of Mg 2 + ions. [6] De- 
pite these obstacles, research on magnesium-ion batteries is 
ncreasing day by day as confirmed by the literature reviews 
7-9] . Recently, several host materials such as transition metal 
xides, metal sulfides, and activated carbons, have been ex- 
ensively explored to accommodate the magnesium-ions [10] . 
lthough there are several exciting reports, but unavailability 
f compatible magnesium electrolytes has restricted their elec- 
rochemical performance [11-14] . To overcome these issues 
lternative strategies such as magnesium–lithium (Mg–Li), 
agnesium–sodium (Mg–Na), and magnesium–zinc (Mg–Zn) 
ybrid ion batteries have also been explored, which displayed 
xcellent specific capacities and cycle life [10] . The high elec- 
rochemical performance of hybrid ion batteries is attributed 
o the high ionic conductivity of electrolyte and dendrite free 
ycling of magnesium anode. Similarly, the element sulfur is 
lso tried as a composite cathode (S/C) in magnesium ion 
lectrolytes. However, the severe magnesium-sulfur polysul- 
de shuttling effect have appeared as a new grand challenge 
or magnesium–sulfur batteries [15] . The Mg–S polysulfide 
huttle effect is mainly attributed to the high reactivity of 
lement sulfur with magnesium electrolytes. 
Compared with sulfur (S), the selenium (Se) element is 
ess reactive, easily controllable, and possess high electrical 
onductivity (Se: 1 ×10 –3 S m –1 , S: 5 ×10 –28 S m –1 ), thus is
ore efficient. Regardless of lower gravimetric capacity of Se 
678 mA h g −1 ) as compared to that of S (1675 mA h g −1 ),
he Se has good theoretical volumetric capacity (3268 mA h 
m −3 ), which is almost equal to the theoretical volumetric ca- 
acity of S (3467 mA h g −1 ). [16] Thus, both elements may 
xhibit similar energy and power densities, which is highly 
esirable for portable electronic devices. Hence, it is pre- 
icted that Mg–Se battery can give better rate performance 
nd higher capacity as compare to Mg–S battery system. Bat- 
ery scientists have developed many materials based on Se and 
 to increase the performance, solid solution of Se/S, and are 
ery prominent as cathode materials for various battery sys- 
ems, due to their miscibility in each other to make Se n S 8-n 
nd Se n S 12-n compounds [17 , 18] . 
Inspired from these exciting properties and advantages 
of selenium), several selenium-carbon composite cathodes 
ave been employed in magnesium ion systems. Literature 
eview revealed that during past decade several successful 
ttempts were made to synthesize the possible selenium- 
ased cathodes, activated carbons with high selenium load- 
ngs, seperators, and both organic and inorganic electrolytes 981 or magnesium–selenium batteries, which exhibited different 
esults including rate performance, cycle life, working poten- 
ials and energy densities. Despite these significant develop- 
ents in Mg–Se batteries, there is no report that has sum- 
arized these results for early stage researchers. Recently, 
ftekhari et al. [19] attempted to summarize selenium-based 
atteries, however his focus was on Li or Na ion systems. 
hus, an up to date review on magnesium-selenium batteries 
s still missing. To fulfil this research gap, herein we have 
ritically reviewed the recent advances made in the field of 
g–Se batteries ranging from Se-based composites to elec- 
rolyte strategies, and possible challenges. 
. Working mechanism of Mg–Se battery 
The working mechanism of Mg–Se battery is of great 
mportance because it helps the researchers to understand 
he basic chemistry and nature of reactions. Karger et al. 
20] attempted to explain the chemical reactions with the 
elp of X-ray photoelectron spectroscopy (XPS), while using 
he SeCMK-3 cathode ( Fig. 1 (a–b)). Firstly, selenium cath- 
de was charged and then discharged at the current density of 
0 mA g −1 followed by characterizations. The XPS analysis 
f cathode surface revealed the presence of Se 3d 5/2 and 3d 3/2 
eaks, which corresponds to metallic selenium of SeCMK- 
 composite. With increasing the reaction kinetics (at about 
.2 V), the shifting of Se 3d 5/2 peak towards low binding en- 
rgies indicates the formation of magnesium-selenium polyse- 
enide, MgSe n . When the battery is discharged to about 0.5 V, 
he Se 3d 5/2 peak is further shifted towards the lower bind- 
ng energies and simultaneously the intensity of Mg 2p peak 
as increased, which indicates the formation of MgSe 2 and 
gSe. On contrary, when the cathode was charged, the Mg 2p 
ignals from MgSe completely vanish and Se 3p peaks shifts 
ack to their original positions indicating that both MgSe and 
gSe 2 transformed into metallic Se. This analysis has clearly 
xplained the formation of polyselenides and their reversible 
onversion to Mg and Se. Further studies should be carried 
ut to observe the in-situ changes and conversion reactions. 
. Recent developments in selenium-based cathodes 
The exploration of many host materials for Mg 2 + ion 
torage have been extensively studied for high performance 
g-ion battery (MIB). These hosts include Chevrel phase 
ompounds (Mo 6 ×8 , X = S, Se) [21 , 22] , Mo 6 S 8-y Se y ( y = 1,
) [22] , Cu x Mo 6 S 8 ( x = 1) [23] , Mo 9 Se 11 [24] , MX 2 (M = Ti,
o, W, X = S, Se) [25-28] , TiS 3 [29] , MgMSiO 4 (M = Fe,
n, Co) [30-32] , MgFePO 4 F [33] , and MnO 2 [34 , 35] . In
ost of the host cathodes, the element S and Se acted 
s host materials. Although the insertion of Mg ion into 
o 6 Se 8 is faster than into Mo 6 S 8 reflecting its high polar- 
zed anionic framework [36] , but the crystal structural of 
ost lattices was remained a challenge to explain in detail. 
he insertion type cathode materials for Mg-ion batteries 
ave attracted considerable research attention due to easier 
he intercalation of Mg 2 + . However, the strong columbic 
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Fig. 1. (a) Discharge/charge curve of the SeCMK-3 electrode at 20 mA g −1 in the first cycle, (b) proposed Se phase evolution during the electrochemical 
reaction of the Mg/SeCMK-3 cell in the Mg-HMDS electrolyte, (c) Raman spectrum of pristine Se, MgSe reference, and SeCMK-3 based cathode material at 
different stages of charge/discharge, (d) structural presentation of SeCMK-3 based cathode with ring and chain like structure on first charge and subsequent 
charge discharge (Reproduced with permission [20] Copyright Elsevier (2016)); Mg–Se/PAN battery performance, with Se/PAN cathode in 0.4 mol L −1 
(PhMgCl) 2 -AlCl 3 + 1 mol L −1 LiCl/THF. (e) shows first and second charge/discharge cycle of 400, 450, 500 °C carbonized PAN/Se cathode with 8:1 weight 
ratio of Se and PAN, with Mg anode, (f) cycle performance at 50 mA g −1 of different temperature carbonized Se/PAN, (g) cycle performance at different 
current densities of 450 °C carbonized Se/PAN, (h) different rate performance of PAN/Se cathode carbonized at 450 °C with 8:1 weight ratio of Se and PAN, 














































orces between Mg 2 + and host materials makes the Mg ion 
iffusion difficult into the lattices and create polarization. A 
apid decline in capacity at room temperature observed is 
ecause of the failure of reversible intercalation in the lattice 
tructure [37 , 38] . Therefore, a new mechanism of cathode 
aterials was required to introduce for high performance 
g ion batteries, with high reversible reactions and without 
ny capacity fading. As explained before the S and Se 
ased cathode materials are conversion type electrode, where 
he huge structural changes and volume changes occur, 
hich may lead to drastic fading in capacity [39] . Tashiro 
t al. explored a displacement type cathode material CuSe 
40] . The mechanism of displacement reaction involved the 
nsertion and extraction of Mg 2 + ions from the cathode ma- 
erial. In displacement type cathode materials, the transition 
etal ion M 2 + completely reduced to M 0 while discharging, 
hich precipitate out as discussed in conventional conversion 
eaction [41-43] . The basic difference in conversion and 
isplacement type reaction is that, in displacement type 
eaction, the host lattice keeps its stability before and after 
he reactions so there is no hikes in initial capacity and no 
udden capacity fade occur as compare to conversion type 
athode materials. Furthermore, the electrolytes compatibility 982 ith Mg-metal and host cathodes is very important to 
rogress the research in Mg batteries. This review will dis- 
uss the challenges and approaches that have been employed 
n Mg-ion batteries keeping the Selenium metal as an interest. 
Selenium metal is considered as an ideal choice to dimin- 
sh the polysulfide shuttling in S-cathode. It was found that 
inor quantity of selenium is enough to retain the capacity 
etention versus Mg metal [44] . The combination of Se com- 
osite as cathode and Mg metal as an anode is considered as 
n ideal combination for Mg-ion storage. However the elec- 
rochemical reaction mechanism is still not defined properly 
45] . Zhao-Karger et al. [20] had explained the electrochemi- 
al reactivity of Se metal with Mg anode, where they explored 
he SeS n based cathode materials and their structural conver- 
ion during cycling. The output performance was recorded as 
60 mA h g −1 at 40 mA g −1 , with 60% capacity retention up 
o 10 cycles. The ex-situ Raman spectroscopic analysis was 
arried out to understand the structural changes of Se 8 to Se n 
uring electrochemical cycling. Raman spectra studies were 
erformed on Se/CMK-3 type cathode versus Mg anode (as 
hown in Fig. 1 (a–d)). Basically, the Se exists in different al- 
otropes, but most stable allotrope of selenium is trigonal Se 
ith a lattice of helical bonding in a hexagonal arrangement 















































































































46 , 47] . Pure crystalline form of Se exhibited Raman shift 
t 233 cm −1 reflecting trigonal bond with stretching modes 
f Se–Se [48 , 49] . Due to melt diffusion of Se chains like
tructures in porous CMK-3 brought Se 8 molecular structures 
eflecting a blue shift in Raman spectra 1 at 257 cm −1 [50] . 
he conversion of Se to MgSe upon first discharge up to 0.5 V 
as identified by referring the MgSe compound Spectra with 
aman spectra 3. During charging process, Se n chains were 
ormed instead of Se 8 , which is opposite from the peak at 
33 cm −1 , the broad peak of spectra 4 reflected the restricted 
ccumulation of Se n chains in narrow region of mesoporous 
f CMK-3. Fig. 1 (d) represented the structural depiction of 
e 8 (ring structure) to Se n (chain structure) during first dis- 
harge, and their subsequent conversion persist to Se n for fur- 
her charge/discharge. The Se n (chain structure) is thermody- 
amically stable, and having good conductivity as compare 
o Se 8 , [51] rather S is stable in its ring from S 8 . Chain like
tructure of Se is more feasible for electrochemical oxidation 
f MgSe. 
Furthermore, Zhao karger et al. investigated the Se–S com- 
osite based cathode i.e. SeS 2 –CMK-3, with Mg anode in 
g-HMDS electrolyte. The charge–discharge potential win- 
ow was set as 0.5–2.5 V at 40 mA h g −1 , and the first dis-
harge capacity was recorded as 600 mA h g −1 , which was 
igher than discharge capacity of SeCMK-3 cathode [20] . The 
igher cost and scarcity problem of Se could be solved by 
eS n based composite materials having good electrochemical 
erformances. These SeSn-based cathode materials may act 
s a new class of materials for rechargeable Mg ion batteries. 
Selenium confined in carbonaceous materials like meso- 
orous carbons or Se/C nanocomposites were also employed 
s cathode materials in non-nucleophilic electrolytes such 
s Mg-HMDS and BCM, which resulted in good specific 
apacity and rate capability [53-55] . Unfortunately, the Se- 
ased cathode materials also have capacity fading issue due 
o dissolution of magnesium polyselenide (MgSe n , n ≥4) in 
lectrolytes. Yuan et al. [52] reported the novel Se/PAN 
ased cathode material to inhibit the polyselenides dissolu- 
ion in electrolytes ( Fig. 1 (e–i)). The unwanted intercalation 
f Mg were avoided and replaced with Li or Li–Mg co- 
ntercalation by using hybrid ion electrolytes i.e. (PhMgCl) 2 - 
lCl 3 /THF/LiCl [52] . Li addition in Mg electrolytes helped in 
ctivation of Mg battery system, as confirmed by previously 
tudied Li–Mg hybrid battery systems [56 , 57] . Furthermore, 
he effect of synthesis temperatures on electrochemical perfor- 
ance of Se/PAN composites was investigated in hybrid ion 
lectrolytes. It was noticed that lower carbonization temper- 
ture (i.e. 400 °C) may result in selenium deposition on the 
xternal surface of PAN, thus sharp decay in capacity was 
bserved during the redox process. On the other hand, higher 
arbonization temperature (i.e. 450 °C) with 8:1, Se: PAN ra- 
io and 0.4 M L −1 electrolyte exhibited good discharge capac- 
ty of 363 mA h g −1 during the first discharge. The capacity 
as maintained at about 216 mA h g −1 for 50 cycles, having 
apacity retention of 85% with respect to the second cycle. 
n addition, the rate performance was also analysed at 100, 
00, 400 and 500 mA g −1 current densities using PAN/Se- 983 50 °C carbonized sample. In conclusion, we found that the 
arbonization temperature was important to synthesise a com- 
atible PAN/Se composite cathode, which may induce good 
apacity and cycle performance. 
The shuttled Li-ions have more tendencies to react with 
ighly mobile cations, to keep up the capacity retention [58] . 
o support this claim, the reversible displacement reaction 
ype cathode materials have been introduced such as β-Cu 2 Se, 
59] because the β-Cu 2 Se form is a high temperature phase 
nd good ionic conductor due to fast moving Cu + along with 
 larger diffusion coefficient, as compare to low tempera- 
ure α-phase Cu 2 Se [60-62] . The crystallography of β-Cu 2 Se 
hase is presented in Fig. 2 (a), where Cu ions are distributed 
n two interstitial sites, tetragonal (8c) and trigonal (32f) 
59] . Tashiro et al. [59] synthesized β-Cu 2 Se by two different 
ethods i.e. solvothermal method (product was in microme- 
re sized) and liquid state reaction (product was in 100 nm). 
he capacity was increased by downsizing the method to 88% 
230 mA h g −1 ), according to theoretical capacity 260 mA h 
 
−1 , from 1st to 4th cycle at current density of 5 mA g −1 
shown in Fig. 2 (c)). Ex-situ XRD analysis revealed the re- 
ersibility of displacement reaction in β-Cu 2 Se with Mg along 
ith 3d-crystal modelling as depicted in Fig. 2 (b, d) [59] . 
he XRD peaks of pristine micrometre sized β-Cu 2 Se showed 
n Fig. 2 (d) was suppressed during discharge process, which 
ere re-gain after charging, reflecting the reversibility of a re- 
ction mechanism. Additionally, there are some other phases 
ppeared after charging i.e. α-Cu 2 Se, Cu 3 Se 2 , which are low 
emperature phases of CuSe crystalline system. Cu ion is oc- 
upied at tetrahedral position of face centred sublattice of Se 
n α-Cu 2 Se phase, [63] though in β-Cu 2 Se the Cu ion dis- 
ributed randomly. Fig. 2 (b) explains the displacement type 
eaction by crystal structural modelling during charging and 
ischarging of β-Cu 2 Se. In the discharge process, Mg ion dif- 
used in β-Cu 2 Se lattice to produce MgSe on same sites of 
C-sublattice of Se. On the other hand, Cu ions are extruded 
rom Se sublattice and reduced to Cu-metal. During charging, 
he reverse reaction of Mg and Cu ions occurred with oxida- 
ion reaction. For displacement reaction type cathode mate- 
ials, the β-Cu 2 Se with small size reflected better reversible 
eaction during consecutive charge/discharge cycles. 
In order to sustain the cycle life with enhanced capacity, 
uan et al. [64] prepared a hybrid electrolyte based Mg 
attery containing non-insertion based cathode. Two different 
ethods for Cu 2 Se based material preparation were followed, 
uch as solvothermal method for synthesis of big size parti- 
les and hydrothermal method for small sized particles. rGO 
as also used to verify the performance of both H –Cu 2 Se 
hydrothermal) and S-Cu 2 Se (solvothermal) materials [64] . 
he small size particles synthesized by hydrothermal method 
H –Cu 2 Se) delivered good capacity but worse cycle perfor- 
ance. The Li-salt insertion into Mg-electrolyte improved 
he performance of battery. Furthermore, the addition of 
GO nanosheets provided the conductive platform for ion 
ransportation and enhanced the overall performance [64] . 
 
–Cu 2 Se–rGO–Mg battery produced the high capacity and 
etter cycle performance, i.e. 243 mA h g −1 at 26 mA g −1 
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Fig. 2. (a) Presented crystal model of β-Cu 2 Se with blue polyhedral shows tetrahedral sites, (b) scheme presenting reversible charge discharge process and 
exchange of Mg ion with Cu ion accompanied by reduction and oxidation, (c) charge discharge curve of downsized β-Cu 2 Se cathode versus Mg metal, inset 
shows cycle performance, (d) ex-situ XRD shows peaks of pristine β-Cu 2 Se, discharged version at 0.20 V vs Mg/Mg 2 + , charge version at 1.80 V vs. Mg/Mg 2 + 




























































ith a capacity retention of 64% prolong to 20 cycles and 
he over potential was lower as 0.5 V. Conclusively, this 
tudy reveals the characteristic of reduced graphene oxide 
o improve the performance of Mg battery with hybrid 
lectrolytes of Mg and Li. 
Although for practical or commercial scale applications, 
he micro sized cathode materials are considerably more 
avourable to get higher volumetric energy density due to 
heir higher tap density [65 , 66] . Zhang et al. [67] presented 
he novel work to evaluate the performance of micro sized 
article based Se-cathode, which exhibited the high reversible 
agnesiation/de-magnesiation with stable cycle performance 
67] . The crude copper powder was employed with Se–C 
ased materials to compare the performance with different 
lectrolytes, i.e. HMDS and BCM. It was realized that boron 
entred anion based BCM electrolyte were giving better cy- 
le performance in Se–Cu electrode with increased capacity 
s compare to pristine Se powder based electrode as shown in 
ig. 3 (a, b). The pristine Se based cathode materials showed 
uch bigger over potential as compare to Cu–Se based cath- 
de materials [67] . The battery performance was recorded as 
65 mA h g −1 at 10 mA g −1 with retention of 71% for 100
ycles. The working mechanism is presented in Fig. 3 (c). The 
inary mixture of Cu–Se formed in-situ conversion of Cu 3 Se 2 
ntermediates during the reduction of metallic Cu to Cu(I) and 
u(II). The discharge product including MgSe and MgCu 3 Se 2 
ntermediates are the products of combine intercalation and 
isplacement type reaction with Cu 3 Se 2 . The reversible ex- 
raction and insertion of Cu during the oxidation and reduc- 
ion reaction of Cu 3 Se 2 with Mg, resemble to Li-ion battery 
68] . t
984 Insertion type cathodes have been developed with very 
ew suggestive materials for Mg ion batteries, such as MoS 2 , 
21 , 22 , 27] CuyMo 6 S 8 , [69] Mg 1.03 Mn 0.97 SiO 4 [70] and TiS 2 
26] . Tungsten diselenide WSe 2 based electrode materials 
ave been known due to its high thermal conductivity, 
71] high surface energy, [72] effective p-type field effect 
ualities, [73] and having a layer structure metal chalco- 
enide. Zhao et al. proposed nanostructured WSe 2 for mag- 
esium ion batteries. During their work, nanowires of WSe 2 
ere assembled over W-sheet, which acted as an efficient 
athode material for intercalation/insertion of Mg batteries 
74] . Chemical vapour deposition technique was employed 
o synthesize the in-situ growth of WSe 2 nanowire on W-foil. 
he battery fabrication design and working demonstration of 
Se 2 nanowire based cathode film is presented in Fig. 4 (a). 
he reversible capacity with respect to cycle numbers was 
xamined and compared with bulk WSe powder-based cath- 
des. It was found that the reversible capacity and cycle life 
erformance were much improved by nanowire based cath- 
de material for Mg-batteries (Shown in Fig. 4 (b, c)). The 
eversible capacity was initially obtained as 220 mA h g −1 at 
0 mA g −1 , keeping up the capacity retention up to 80% for 
60 cycles, and with very low overpotential values (0.5 V). 
his new insertion type cathode materials comprising WSe 2 
anowire was employed to open a new direction for Mg ion 
atteries cathode materials. 
In the beginning, Chevrel phases (CPs) were understood 
o be the best materials for Mg ion diffusion due to their 
atalytic activity [77] . CPs consists of M x Mo 6 T 8 (M = metal, 
 = S,Se) and these host materials possessed fast cation trans- 
ort mechanism, which is very unique in cathodes for Mg bat- 
eries [78-80] . The diffusion of Mg ion is affected by varia- 
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Fig. 3. Charge/discharge profile with BCM electrolyte (a) Se–Cu electrode (b) pristine Se electrode, (c) working principle mechanism of Se and Se–Cu 
electrode (Reproduced with permission [67] Copyright Viley (2017)). 
Fig. 4. (a) 3-D morhphological presentation of WSe 2 nanowire growth on W-foil by CVD technique, (b) voltage profile of WSe 2 based Mg battery at 50 mA 
g −1 , (c) cycle performance of WSe 2 nanowire based cathode and WSe 2 bulk powder based cathode at 50 mA g −1 current density (Reproduced with permission 
[74] Copyright ACS (2013)); (d) CV curve at scan rate of 10 μm s −1 of three electrodes synthesized by new method, (e) cycle performance of three new 
synthesized electrodes at 25 °C at C/8 rate (Reproduced with permission [75] Copyright Viley (2007)); (f) voltage profile Se/C cathode in BCM electrolyte at 
1st, 2nd, 5th, and 10th cycles, (g) shows discharge capacities at rate performance of 0.05, 0.1, 0.25, 0.5, and 1 A g −1 , (h) cycle performance prolong to 200 
cycles of Se/C cathode Vs. Mg anode at 0.66 mA g −1 current density (Reproduced with permission [76] Copyright Viley (2017)). 
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Table 1 
Summary of magnesium–selenium batteries in terms of cathodes, selenium loading, electrolytes, maximum specific capacities, capacity retentions, and over 
potentials. 
Electrolytes Cathodes Se loading 
(%) 
Initial Capacity 
(mA h g −1 ) Current 







Mg-HMDS(hexamethyldisilazide) Se-CMK-3 70.5 460 [40] 60 [10] 0.9 [20] 
Mg-HMDS(hexamethyldisilazide) SeS 2 –CMK-3 70.5 600 [40] 60 [2] 1.3 [20] 
(PhMgCl) 2 –AlCl 3 + LiCl/THF Se-PAN 45.4 368 [50] 85 [50] 0.2 [52] 
Mg(AlCl 2 EtBu) 2 /THF β-Cu 2 Se(100 nm) 81 230 [5] 88 [4] 0.4 [59] 
(PhMgCl) 2 AlCl 3 + LiCl/THF H-Cu 2 Se/rGO 80 243 [26] 64.2 [20] 0.5 [64] 
BCM electrolytes Binary Se –Cu 40 365 [10] 71.7 [100] 0.5 [67] 
Mg(AlCl 2 EtBu) 2 /THF WSe 2 nanowire 40 210 [50] 80 [160] 0.5 [74] 
Mg(AlCl 2 BuEt) 2 /THF Mo 6 S 6 Se 2 80 110 [0.12C] 90 [100] – [75] 


















































































ion in temperature and composition of CPs. Selenide showed 
omplete intercalation of Mg ion with 0 to 2 ion per unit for- 
ula without any trapping, [81] as compared to Sulfides. This 
rapping encounter in sulfides based CPs is mainly because 
f the exceptional ring arrangement of cation closely located 
t minimal potential energy [82 , 83] . When selenide is added 
n to another structure, the distortion in selenide alters the 
eometry of cations, which diminish the ring arrangements 
nd alternatively trapping of Mg-ion in the cathode. Thus, 
 small amount of Se is enough to boast the movements of 
g 2 + cation in CPs. Solid solution of S and Se are also very 
mportant to discuss in CPs family of compounds, to improve 
he performance of Mg-ion batteries. The reduced particle size 
s one of the major factors to facilitate the insertion of ion 
n side the host materials, reflecting small diffusion lengths. 
aking into account of such properties, Aurbach et al. [75] re- 
orted one new synthesis method for Mo 6 S 8-y Se y based CPs 
ith a reduced size probably in nanometre at low synthesis 
emperature as compare to conventional methods, to increase 
he rate capability without ion trapping effect [75] . The old 
Ps based on sulfide Mo 6 T 8 were made at 1200 °C temper- 
ture in evacuated quartz tube. The proposed new technique 
as able to get pure and small crystalline forms based on 
 x Mo 6 T 8 followed by leaching of M. Cu powder was used 
s M in new proposed method. The stainless steel reactor 
as used for single step synthesis and product was free of 
mpurities. 
Cyclic voltammetry curves from Fig. 4 (d), presented 
he oxidation and reduction peaks of newly synthesized 
o 6 S 8-y Se y based materials (where Y = 0, 1, 2). The improve- 
ents in electrochemical reaction in the CPs were observed 
y replacing small parts of S with Se and by reducing the 
ize of particles to nanometre. The insertion of Mg was oc- 
urred in two major steps reflecting two-phase transition in 
V curve. The first peak of CV curve in all samples were 
road representing the sluggish movement of Mg ion in the 
ystem, whereas the second peak was resemble to Li inser- 
ion into the same system. The replacement of Se with one or 
wo sulfur atoms ensured the good reversibility of Mg inser- 
ion with an order of Mg 0–2 Mo 6 S 6 Se 2 > Mg 0–2 Mo 6 S 7 Se >
g 0–2 Mo 6 S 8 . Cycle performance with respect to C/8 rate is 
hown in Fig. 4 (e). The Mo 6 S 6 Se 2 based cathode was utilized 986 o maintained reversible capacity as high as 110 mA h g −1 at 
.12 C with capacity retention of 90%. The capacity reten- 
ion was only reduced to 10% after 100 cycles as compare to 
ower Se concentrated samples. 
Electrolytes compatibility with Mg metal is also very im- 
ortant to investigate with Se based cathode to increase the 
lectrochemical performance. Anions containing high valence 
entre elements such as Cl, S, P, Al, As and B form well 
nown anions, whether as Cl, F, and As form ClO 4 −1 , PF 6 −1 , 
nd AsF 6 −1 , which react with Mg metal to crude the surface 
nd cannot be used with Mg metal [84 , 85] . There are two
ategories of electrolytes based on anion central elements, 
hich are compatible with Mg metal. Firstly, the Al-anions 
ased electrolytes (also known as magnesium organohaloalu- 
inates electrolytes), were fundamentally became the part of 
g-ion batteries research field [85 , 86] . The inorganic based 
g electrolytes made from the reaction of MgCl 2 and AlCl 3 
re also included in this category [87 , 88] . Another category 
ncludes the Boron as a central anion element comprising an- 
ons of BH 4 −1 , [BBu 4 ] −1 , and [CB 11 H 12 ] −1 are employed in
g ion batteries [84 , 89 , 90] . 
Zhang et al. [76] produced Se/C based composite by melt 
iffusion method with 50% Se loading in carbon material. 
he BCM electrolyte was synthesized by one step mixing 
f THFPB and MgF 2 in DME solvent, to employ in a coin 
ell [76] . The voltage profiles of 1st, 2nd, 5th, and 10th cy- 
les of charge/discharge of Se/C based cathode vs. Mg metal 
ith BCM electrolyte is shown in Fig. 4 (f). The initial ca- 
acity was lower but increase in consecutive cycles, the slow 
enetration of electrolyte in carbon spheres, and gradual in- 
olvement of Se brought high columbic efficiency reaching 
 high capacity of 615 Ma h g −1 from 7th cycle (shown 
n Fig. 4 (g–h)). Furthermore, the over-potential was also re- 
uced to 0.33 V. The rate performance was analysed for Se/C 
ased cathode at 0.1, 0.2, 0.5, and 1 A g −1 current densi- 
ies, providing capacities as 512, 477, 432, 405 mA h g −1 , 
espectively ( Fig. 4 (g)). The rate performance and cycle per- 
ormance of Se/C based cathode material with BCM elec- 
rolyte can be considered the best performance as compare to 
reviously reported Mg-ion batteries [20 , 85 , 91 , 92] . The de- 
ails of cathode materials, electrolytes, selenium loading and 
nal electrochemical performance is summarized in Table 1 . 






























































As discussed above Yuan et al. [52] and his co-workers 
ade successful attempt to synthesize selenized polyacryloni- 
rile (Se/PAN) composite cathodes for magnesium–selenium 
atteries. Unlike previous reports, they used two different 
ypes of nucleophilic electrolytes with lithium salts (as ad- 
itives). All-phenyl-complex electrolyte contains (PhMgCl) 2 , 
lCl 3 , and LiCl dissolved in THF solvent (called an APC- 
ased electrolyte), whereas the borohydride-based electrolyte 
ontains Mg(BH4) 2 and LiBH 4 dissolved in TG solvents. 
he electrochemical performance of different Se/PAN com- 
osite cathodes revealed different specific capacities based on 
e-PAN ratio, carbonization temperatures, and carbonization 
imes. Experimental results revealed that composite cathode 
ynthesized at 450 °C exhibited the highest values of spe- 
ific capacity (225 mA h g −1 at 100 mA g −1 current density) 
ith voltage platforms at about 0.9 and 1.25 V, when using 
PC-based electrolytes. On the other hand, synthesis time 
nd Se-PAN ratios did not affected the capacities to large 
xtents. It means that carbonization temperature is very cru- 
ial to obtain the optimum capacity during redox reactions. 
n contrary, the borohydride-based electrolyte revealed the 
aximum specific capacity of 190 mA h g −1 at 100 mA g −1 
urrent density, which is slightly lower compared with APC- 
ased electrolytes. The careful observation of cycle life re- 
ealed the significant capacity retentions, which confirmed the 
bsence of side reaction owing to addition of lithium salts. 
urthermore, the previous studies on magnesium-lithium hy- 
rid ion batteries also revealed the absence of side reactions 
uring the charging and discharging processes [10 , 15] . 
. Future research directions 
After reviewing the major progress in the development of 
lectrolytes and electrode materials for magnesium–selenium 
atteries, we may reach to following opinions as future rec- 
mmendations. 
1. Unlike magnesium ion, magnesium–lithium hybrid ion or 
magnesium–sulfur batteries, magnesium–selenium batteries 
are less explored. The main reason could be unviability 
of selenium-based cathodes that are compatible with mag- 
nesium electrolytes. Thus, material scientists should focus 
on the synthesis of new selenium-based cathodes including 
selenium-carbon composites, metal-selenides, and MOF-Se 
composites. Efforts should be made to find suitable materi- 
als having strong physio-chemical bonding between nano- 
selenium and host matrix. 
2. Besides selenium cathodes, the preparation of compati- 
ble electrolyte solutions is very important to develop the 
magnesium–selenium batteries. Both organic and inorganic 
magnesium salts and their solvents with high solubil- 
ity/conductivity should be investigated thoroughly to mini- 
mize the magnesium–selenium polyselenide shuttle effect. 
Chemical researchers should put focus on optimization of 
electrochemistries of magnesium–selenium batteries with 
improved working voltages to get their practical realiza- 
tions. 987 3. Furthermore, attempts should be made to develop the al- 
ternative strategies to confine the selenium during redox 
reactions. These strategies could be usage of graphene or 
carbon nanotubes coatings on selenium cathodes. 
4. Development of vanadium-doped metal selenides should be 
carried out to synthesize a selenium cathode that can ex- 
hibit high working voltage and resist against polyselenides 
dissolutions into an electrolyte. 
5. The investigation on the working mechanism of 
magnesium-selenium battery is still at the initial stage, thus 
further research is compulsory to fully understand the na- 
ture of reactions and conversion rates. 
. Conclusions 
In conclusion, various types of selenium based cathode 
aterials are critically reviewed as magnesium–selenium bat- 
eries. These selenium cathodes include different metal se- 
enides, and selenium–carbon composites. Furthermore, this 
eview focused on exploration of different types of elec- 
rolytes including hybrid electrolytes to get stable and high 
pecific capacity with minimized shuttle effects. It was found 
hat BCM electrolytes have been observed as best electrolytes 
or Se/C based cathode materials. It was also noticed that the 
elenium insertion could overcome the polysulfide formation 
ith sulfur, which can overcome the capacity fading. Com- 
ared with sulfur electrodes, the small loading of selenium is 
ore effective to achieve high electrochemical performances. 
e hope this review article will uncover the new research 
irections for researchers working on magnesium ion tech- 
ology in the near future. 
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